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Why are neutrinos so light?
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1. See-saw mechanism (Majorana neutrinos): M, > y, v,
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Composite Dirac neutrinos
N. Arkani-Hamed, Y. Grossman (1999)

Ve < Phy

Y, x: fundamental Weyl

c

v¢: composite Weyl (like proton/neutron in QCD: p «< uud, n « udd)
Effective description Fundamental description
after confinement before confinement

1
H VC > WH [ (l/)l/))() — Dim: 7
Wyx) ~ AZ vE

H“/‘P v~ ()
' vV
[ g \‘\,‘\ g %~10_4:>mv~0.1eV

X

* Majorana operator (¥y)? : dim 9




Q: How can those composite fermions remain massless?
cf) baryons in QCD

—> A special setup required



Composite Dirac neutrinos
Arkani-Hamed, Grossman (1999)

Gauge
SU(6)
Y 6 X 2 (Two generation)
X 15
Ve x Yy 1 X 3 (Three generation)



Composite Dirac neutrinos

Arkani-Hamed, Grossman (1999)

Gauge | Global
SU6) | U(D)y
Y 6 —2/3 X 2 (Two generation)
X 15 1/3
ve < Yy 1 -1 X 3 (Three generation)

AU SU(6)2) = 0



Composite Dirac neutrinos

Arkani-Hamed, Grossman (1999)
Gauge | Global

SU6) | U(1)y

() 6 —2/3 X 2 (Two generation)
X 15 1/3
ve < Yy 1 -1 X 3 (Three generation)
AU)xSU(6)?) =0
Uy _ Uy
L %
U1y | _ Uy
Uy 5__U(Dx
uv =3 IR

‘'t Hooft anomaly matching conditions
S. Dimopoulos, S. Raby, L Susskind (1980)



Composite Dirac neutrinos

Arkani-Hamed, Grossman (1999)

Gauge | Global

SU(6) | U,
Y 6 —2/3 X 2 (Two generation)
X 15 1/3

vé < Yy 1 -1 X 3 (Three generation)
l 1 +1 X 3 (Three generation)
Interaction with SM: A—ng Vv, ~ — HI (Yyy)
M3 YE

B—-L :good A)
L., B — Lgy; : broken explicitly

(B — Lgp)-genesis at T ~ M scale?

possible by itself, but requires some tuning in UV
Grossman, Tsai (2008)



leptons

Kinetic misalignment

b
SU2)y X U(Dy aryons

Peccei, Quinn (1977)

strong CP problem

Standard model

SA: Junichiro’s talk




Kinetic misalignment
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Kinetic misalignment
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Kinetic misalignment

Some explicit breaking
e.g. d/MI*

V()
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Kinetic misalignment

Some explicit breaking
e.g. d/MI*

V()
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mif?

Evolution of the axion motion

At Ti < fai a(Tl) = di * 0
PQ charge from the axion motion is approximately conserved, so
nPQ ~ a(T)fa

Y
~ const = a(T) = PQS(T)

Ypp = —
* 5 ° 2
free parameter in this talk Maybe some modification
(fixed by initial condition) from QCD friction

(Alexandros’ talk)

v



Axiogenesis

With a # 0 background, Co, Harigaya (2019)

1. Chirality asymmetry is generated.

a . a d,a a

—GG > —0,]4 - ——Jt 5 ——(n, —ng)
a

fa fa fa

2. Weak sphaleron converts only left-handed quarks into right-handed anti-leptons.

weak sphaleron

i | . @ quarks
(| (R ® o ® @ anti-quarks
L TR ® @ anti-leptons
. L A o

B=0L=0 B=-1L=-1




Axion dark matter

Myfr

QCD axion: m, ~

v



QCD axion: m, ~

AV (T)

Myfr

Axion dark matter
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Axion dark matter
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Dark matter
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Strong CP problem, baryon asymmetry, dark matter
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with composite Dirac v
L — LSM + LC

v Lsy < Le

Active athighT > T;p, ~ 0. 1M
X LD: (composite) Lepton Decoupling (chemically)

1
WHI W)



with composite Dirac v

L - LSM + LC
Hh
\
\L/l/) LSM < Lc
> «—1
l u\\ Active at high T > T;p ~ 0.1M
X LD: (composite) Lepton Decoupling (chemically)
WHI Wyx)
____________________ weak sphaleron LSM <—>LC..
i i 0 l: i)(lp 0 i
0® o0 o ® "o 9 e
® ® ® . @ anti-quarks
® (L L . @ anti-leptons
ST B=0L= """" LB=—1L=— """ LB:—1L:— """ ' composite sector
LSM:()’LC:O LSM:]"LC:O LSM:O'LC:]'
B—LSM=O B—LSM=O B_LSM:_l



T Thermal History with composite Dirac v

T d; # Oisgenerated __=s-.. oo Teee.  oe=m e L4
l
(Lsps < L) (weak sphaleron) .
1 a _,
Np = E("B—LSM +  Mpirg,) f- r
— a
Tip
frozen
2
T
Ypq (%) ~ 1010 vs
a
Tew -
frozen
2
v (TEW>
P
v °\ £
Axion gets trapped by QCD potential and becomes dark matter \/
T, = >
W] ERM | Yo ~ 10710 Gev
)
Mg ~ Myfr/fa




Baryogenesis with composite Dirac v
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Baryogenesis with composite Dirac v
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Baryogenesis with composite Dirac v
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ANeff from VC ?

"

Thermal production required
for baryogenesis



ANefs
T, g = A,

Kinetic decoupling CompOSIte

sector

atT < de
g. =117.25

entropy

injected entropy
injected
y ) 4
" < T, ~T,c V¢ g, =525
v v v
g. = 11.25

‘ANB f ~ 88‘ ruled out!




ANefs

If Tpg < A,

Composite
sector

Kinetic decoupling

T<T,
AL < Tka g+ = 5.25

entropy
injected

vv < [T, > Ty

g, =1125

‘ANe_ff 2 O 14_‘ Not ruled out,

and testable in future

CMB stage IV: ANg¢r < 0.03
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Summary
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